Abstract-Waveguide phase modulators, with 0.5-and 1-m quantum-well (QW) active regions which are defined by impurityinduced disordering are investigated theoretically. By controlling the extent of the interdiffusion in the lateral claddings, the refractive index difference between the core and claddings is used to provide single-mode operation. Strong optical confinement, which is required to produce single-mode high-efficiency modulation, requires the peak impurity concentration to be at the center of the QW active region. Moreover, the annealing time needs to be optimized so that single mode can be maintained at the desired bias field. A low dopant concentration is also expected to minimize the destruction of the modulator structure. The results show that since the core/cladding interface is graded, the width of the metal contact is important. A comparison of modulation efficiency for active layer thicknesses of 0.5 and 1.0 m shows that the 0.5-m one is a more efficient structure and its absorption loss can be reduced by increasing the applied field from 50 to 100 kV/cm.
I. INTRODUCTION
T HE III-V semiconductor quantum-well (QW) electrooptical phase modulators are of interest for a range of applications in optical communication and signal processing due to their large electrooptic effect [1] , [2] . However, most QW phase modulators are discrete devices which are integrated with other devices to form photonic integrated circuits (PIC's). Impurity-induced disordering (IID) is a simple technology that is a candidate for the development of PIC's [3] . When impurities, such as Ga [4] , Al [5] , and O [6] , or vacancies [7] are introduced selectively into a QW structure, such as by masked implantation, the rate of interdiffusion which is determined by the annealing temperature and time can be accelerated. Interdiffusion occurs across the well-barrier interface and modifies the transition energies, and thus the optical properties, which results in a change of refractive index between the as-grown and interdiffused QW regions [8] . This process has been used to fabricate optical devices, such as lasers [9] , modulators [10] , and waveguides [11] on a single substrate and makes photonic integration a reality.
Conventional AlGaAs-GaAs QW modulators use the composition of the AlGaAs cladding layers to control the number of guided modes in the waveguide section of the modulator [12] . In this paper. the annealing time is used to control the extent of the interdiffusion, and therefore the refractive index change, to govern the modal characteristics of the waveguide modulator structure.
In this paper, we model an electrooptic phase modulator with lateral confinement provided by IID in an Al Ga As-GaAs QW's active region. This paper addresses the effects of interdiffusion on the modulator performance and the waveguide characteristics of the modulator in terms of the thickness of the active region. The phase modulator is aimed as a single-mode waveguide device to reduce dispersion and achieve good performance. The results demonstrate the effects of structural parameters of the device and interdiffusion conditions on the modulator characteristics and shows how a useful phase modulator can be designed using interdiffusion.
II. MODELING OF THE PHASE-MODULATOR STRUCTURE
The structure of the phase modulator studied here is shown schematically in Fig. 1 . Starting from the n -GaAs substrate, the layers are an n -type Al Ga As lower cladding layer, a number of undoped quantum wells (QW's) consisting of 100-A Al Ga As barriers and 100-Å GaAs wells which serve as the active region of the device, and p -type Al Ga As upper cladding with metal contacts on the GaAs substrate and the upper cladding layer. IID is used to provide the lateral confinement in the active region of the modulator.
In order to investigate an ion-implanted phase modulator, a two-dimensional (2-D) diffused impurity profile of the QW active region and the corresponding refractive index profile are modeled. By solving the wave equation, the optical confinement of the waveguide structure is determined from the refractive index profile. The electrooptic and electroabsorption properties of the QW structure are then calculated. Several modulator parameters are determined to characterize the performance of the device. Besides the breakdown voltage characteristics, the effects of the applied voltage across the pi-n structure are determined by solving the Poisson's equation.
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A. Optical Properties of QW
The real part of refractive index , the imaginary part of refractive index, implies the absorption coefficient , and the real and imaginary parts of the dielectric function, and , respectively, are the fundamental optical constants of the QW structure. The relationship between and is given by (1) where is the angular frequency and is the speed of light. This model of has been described previously [13] , [14] and is not the subject of the work reported here. The model for is described in [15] and [16] . In the following, the important steps of modeling are shown. The dielectric functions are used to determine and the relationship is given by (2) where and , the real and imaginary parts of the dielectric function, respectively, are given by (3) (4) where , denotes the contribution from the valley, , denotes the contribution from valley, , denotes the contribution from valley, denotes the contribution from other transitions to , while denotes the contribution from the indirect transitions to . The quantum confinement affects the transitions contribution primarily in valley and thus and while the contributions of bulk-like and valleys, and all other transitions above the QW to the real and imaginary dielectric functions, are obtained using bulk calculation [17] .
By considering the effects contributed by QW layer and the bulk barrier layers, the imaginary part of the dielectric constant contributed by the valley is derived (5) where the superscripts , , , and refer to the contributions of the valley, the QW 1S bound exciton, the conduction-valence band QW bound state, and the contribution due to the weighted AlGaAs barrier and GaAs well layers as a bulk material for the higher energy region without any quantum confinement effects, respectively. The expressions of and are taken from [13] together with (1), while is taken from [17] . In the calculation of the as-grown square QW, the is calculated by weighting the barrier and well together in a ratio of well width ( ) to barrier width ( ) (6) For the case of a diffused QW, we divide each well and barrier layer into 20 subintervals and at each subinterval is calculated using the diffused Al concentration profile. The barrier layer is then weighted with the well layer (7) where is the number of subintervals in a barrier.
is determined using the Kramers-Kronig transformation of , taking into consideration the well/barrier weighting [15] . The real part of the refractive index is evaluated from (2) by including the real and imaginary dielectric function contributions by the and valleys and higher order transitions obtained from a bulk calculation [17] . The calculated refractive index is compared with the experimental values taken from [18] , as shown in Fig. 2 . The result demonstrates a good agreement between the model and experiment. Under applied electric field, the change of refractive index is calculated by the Kramers-Kronig transformation from the change of absorption coefficient [19] .
B. Disorder-Delineated QW Optical Waveguide
Lateral confinement of the active region is produced by Ga implantation into the unmasked regions of the QW structure to provide enhanced interdiffusion after annealing. These interdiffused implanted regions have a lower refractive index than the masked unimplanted interdiffused regions so that a waveguide is formed with the light being confined in the unimplanted region. Since the implanted ion concentration varies with depth in a controlled manner [20] , the extent of the interdiffusion, and, thus, the refractive index depth profile, varies along the growth direction of the QW structure.
The theoretical model of implanted ion profile and the Al-Ga concentration profile after interdiffusion have been reported previously [21] . From the Al-Ga concentration profile, the corresponding diffusion length ( ) is determined, where is defined as and and are the interdiffusion coefficient and the annealing time, respectively. The effects of interdiffusion on the QW subband structure have been discussed previously [22] and are not the subject of the work reported here. Using the model discussed previously for of interdiffused QW (DFQW) structures, a 2-D refractive index profile is calculated for different 's. By using the improved Fourier decomposition method [23] , Maxwell's equations are solved to determine the waveguide characteristics of the phase modulator, including the number of guided modes and their propagation constants and the effective refractive indices.
C. Electrooptic and Electroabsorption Properties of the Modulator
Annealing the implanted structure modifies the impurity profile and results in a graded profile between the waveguide core and cladding regions of the QW structure. The metal contacts are designed to cover the graded regions, i.e., the active region is composed of DFQW's with different values of (details later). Consequently, the electrooptic and electroabsorption properties of the modulator are obtained from DFQW's with different extents of interdiffusion. Under reverse bias, the optical properties, including absorption coefficient and refractive index, of these DFQW's change to produce the modulation characteristics.
The application of an external applied voltage tilts the QW's, red shifts the transition energies, and reduces the wavefunction overlap integrals (i.e., quantum-confined Stark effect). They result in a red shift of the exciton absorption peaks and reduce the peak absorption values, as shown in transverse electric mode (TE) absorption spectra [ Fig. 3(a) ]. The effective absorption coefficient, , is given by (8) where is the guiding optical field, is a small but finite area normal to the optical field at , and is the absorption coefficient of the Al Ga As-GaAs QW structure, since the extent of the interdiffusion in the QW region is inhomogeneous throughout the cross section of the phase modulation, i.e., the absorption is dependent on both and . Equation (8) shows that is determined by the fraction of the optical field intensity within the wells of active region. The field-induced change of effective absorption coefficient in the device is calculated using: (9) where the and are the effective absorption coefficients with and without an applied field, respectively.
The TE refractive index spectra of the QW region and the change of refractive index due to different applied voltages are shown in Fig. 3(b) and (c), respectively. In Fig. 3(b) , the refractive index reaches a heavy hole exciton peak at 0.852 m and followed by a much smaller amplitude resonance which occurs at a slightly shorter wavelength at 0.843 m, due to the light hole. The waveguide effective refractive indices with and without an applied field are determined by solving Maxwell's equations using the refractive indices with the corresponding applied field which are then used to determine the change of the effective refractive index .
D. Modulation Characteristics
The important performance characteristics of the phase modulator are the phase change per unit modulation length per unit applied voltage, the chirp parameter, the optical confinement factor , the absorption loss , and the required bias voltage.
The modulation efficiency of the phase modulator is measured from the phase change per unit modulation length per unit applied voltage, which is the normalized phase shift, , and is given by (applied) (10) where (applied) is the applied voltage and is the operating wavelength. A high modulation efficiency requires a large . The static chirp parameter is given by (11) where both and are functions of the applied voltage [19] . Equation (11) shows that can be considered as a measure of the phase modulation strength to intensity modulation strength due to an applied electric field. A useful phase modulator requires chirp parameter 10 [24] .
The optical confinement factor is determined using (12) where the parameter indicates the portion of the optical power which overlaps the depletion region of the p-i-n structure, which consists of a QW active region and part of the two (top and bottom) cladding layers, within the entire device structure. Therefore, an efficient modulator requires a large value of . Moreover, a good phase modulator requires low , where is defined as for 0. The electrical bias required for modulation is also a crucial parameter which indicates the power consumption of the device, which is due to power dissipation in the load resistance of the drive circuit.
E. The p-i-n Junction Depletion Region
The phase modulator uses a reverse bias p-i-n structure to deplete the active region of free carriers. The electric field distribution in the structure is shown in Fig. 4 . The electric field and potential of the p-i-n structure are determined by solving Poisson's equation in one dimension with appropriate boundary conditions [16] (13) where is potential, is charge density and dielectric constant. Since the dielectric constants are different in each layer of the heterojunction structure, the derivation of the relevant quantities is rather complex. The potential difference across the depletion width is given by and, by using (13) , and can be expressed in terms of the depletion layer thickness and the carrier density of the p-i-n structure. The integrated form of (13) is expressed as a quadratic equation for the depletion layer width and, thus, the solution for can be written as (14) where where is the dielectric constant, is the dopant concentration, and the subscripts , , and refer to the relevant layers of the p-i-n structure, respectively, is the thickness of the active region, and is an electronic charge. The average electric field, , in the depletion region is obtained using , where (built-in) (applied) and (built-in) is calculated for zero bias voltage. The applied voltage, (applied), equivalent to the electric field in the depletion layer is then calculated.
F. Breakdown Voltage
Junction breakdown is modeled here by avalanche multiplication [25] . The multiplication factor is derived from [26] to depict the electric field induced increase in hole current. The avalanche breakdown voltage is defined as the voltage when the multiplication factor approaches infinity, which causes the ionization integral to become unity and breakdown is reached and obtained by (15) where and are the ionization rates for holes and electrons, respectively, and is the QW growth direction.
III. RESULTS AND DISCUSSIONS
The active region of the modulator consists of undoped multiple periods of 100-Å Al Ga As barriers and 100-Å -thick GaAs wells. The two structures studied here comprise 0.5-and 1.0-m-thick QW regions which contain 25 and 50 QW periods, respectively. The effects of the implanted impurities on the confinement of the optical field in these two structures are studied. The implantation parameters, including the projected ion range and standard deviation and the lateral spread of the implanted ions around the mask for different implant energies are taken from [27] and the Al and Ga interdiffusion coefficients are taken from [28] .
The top and bottom highly doped p and n Al Ga As cladding layers, which have a dopant concentration of 10 cm , are used to form a p-i-n structure, respectively, on an n -GaAs substrate, where the carrier concentration of intrinsic region is 10 cm . It is assumed that the implantationinduced IID process has no effect to the electrical properties of the cladding layers. The operating wavelength of this modulator is longer than the bandgap wavelength of the Al Ga As cladding layers and barriers of QW's. Consequently, only that part of the propagating optical wave that interacts with the wells of QW's will be absorbed and strong optical confinement is required to maximize this interaction and increase of the modulator. Under reverse bias, the QW's are completely depleted and the modulation of the optical beam in the depletion region is assumed to be due to the quantum-confined Stark effect. It is considered that if the intensity of optical light source is weak, i.e., 25 W [29] , with a low carrier concentration in intrinsic region (10 cm ), the carrier effect to bound state absorption and exciton state absorption are very small, as reported in [30] and [31] , respectively, and thus can be neglected. The performance of the modulator for applied fields ( ) of 50 and 100 kV/cm are reported here.
A. Operating Wavelength
The selection of is important for high modulation performance, including a large , a large , i.e., a high refractive index change together with low absorption change for phase modulator, a low applied voltage, and a low . However, there is a tradeoff between these various parameters. For example, a as high as 0.12 can be obtained for an applied field of 50 kV/cm at of 0.854 m [see Fig. 3(c) ], although is very high, 7200 cm . There is a tradeoff between high refractive index change and high absorption loss. At this operating wavelength, is also too high (5600 cm ) and, thus, from (6) , is very small and below 1 ( 10) . As a consequence, the phase modulator is not suitable for operation at this wavelength. On the other hand, low ( 500 cm ) can be obtained at wavelengths far enough away from the unbiased exciton absorption peak, i.e., above 0.86 m. When the operating wavelength increases, both and reduces [see Fig. 3(a) and (c) , respectively]. Consequently, 0.868 m 0.86 m and 0.878 m 0.87 m should be used for 50 kV/cm and 100 kV/cm, respectively, to achieve 0.59 rad/V mm of the existing device [25] , for which acceptable values of ( 500 cm ) can be obtained. 
B. Impurity Distribution versus Mode Field
The refractive index profiles are obtained for the designed value of to ensure single-mode operation. The transverse refractive index profiles of the waveguide structure are inhomogeneous and are highly dependent on the impurity concentration, the implanted ion energy, the annealing temperature, and time. The refractive index profile of half of the transverse device structure for of 0.863 m is shown in Fig. 5 . Since the concentration of impurities peak at a depth of 0.5 m, the refractive index of the lateral cladding region is a minimum at such a depth. However, the active region of the device, which is protected by the mask, provides a relatively uniform refractive index profile for phase modulation. Moreover, it can be observed that the refractive index of the interface between lateral cladding and active region from 1.5 to 2.0 m stripe width is graded rather than an abrupt interface.
The ion dose modeled here is 2.5 10 ion/cm so that the lattice damage levels are minimized to reduce the damage-induced waveguide loss and to retain the electrooptical properties of the material. The implanted ion energy is optimized to achieve maximum optical confinement. The optimized conditions and mode field for the 0.5-m QW structure are an ion energy of 650 keV and a 0.75. Fig. 6 shows that the peak of the mode field coincides with the peak of the impurity profile at the center of the QW guiding layer.
C. Single Mode Operation
The results show that using the selected ion energy and dose, a range of refractive index profiles can produce single-mode modulation at the selected operation wavelengths. This is best illustrated by plotting the normalized propagation constant as a function of annealing time [see Fig. 7 ] for 0.5-m structures and 0.863 m, which shows the variation of the guiding properties of the QW waveguide, in terms of the normalized propagation constant, for different annealing times. The mode cutoff intervals SMF0 and SMF50 correspond to the ranges in which only single-mode waveguides are formed for applied electric fields of 0 and 50 kV/cm, respectively.
The applied electric field modifies the refractive index profile and thus the normalized propagation constant of the guided mode, as shown in Fig. 7 . In the case of 0.5-m active region, 0.863 m and applied field , the interval (SMF0) covers the annealing time from 42 to 62.5 s. However, when the applied field is increased to 50 kV/cm, the interval (SMF50) shifts to longer annealing times which range from 52 to 74.5 s, outside which the waveguide will change from a single mode to multimode device at 0.863 m. To maintain single-mode operation, only the overlapping region between the two mode cutoff intervals of the two selected applied fields should be used. For instance, for an operation with 0 and 50 kV/cm in the case of Fig. 7 , the overlapping region between SMF0 and SMF50, i.e., annealing time between 52-64 s, should be used for a single-mode phase modulator. Here, the annealing time at the mid-point of the overlapping region is used for the design of the ionimplanted phase modulator. By plotting a similar diagram for the same 0.5-m QW structure, single-mode operation of 
D. Metal Contact Width
The width of the metal contact influences the refractive index change in DFQW's under the two biases (50 and 100 kV/cm). Since the width of the metal contact is a few micrometers and the depth of the active region is 1 m, the electric field in the QW region is uniform and fringing fields have been neglected. When 8 nm, the refractive index of the DFQW's remains approximately constant for applied field 50 and 100 kV/cm [see Fig. 8 ]. The main reason is that when increases, the transition energy of the QW structure increases [16] , the DFQW exciton absorption peaks are blue shifted away from the selected of 0.863 m for 50 kV/cm and 0.873 m for 100 kV/cm, i.e., the exciton effect becomes very small at these two operation wavelengths. As shown in Fig. 8 , for the two selected wavelengths, the refractive index change due to exciton reduces with . Consequently, when the 100-Å/100-Å Al Ga As-GaAs QW structure is diffused with 8 nm, the refractive index change at both of 0.863 and 0.873 m are too small to be considered.
To develop a high-performance phase modulator, the width of the metal contact needs to be sufficiently large to cover the graded waveguide/cladding interface which is greater than the width of the waveguide mask after interdiffusion, for 8 nm, otherwise a sharp jump of the refractive index under an applied field will be obtained below the metal contact edge [see Fig. 9 ]. The width of the metal contact here is the same as that of the waveguide mask. When an applied field of 50 kV/cm is used, the refractive index of the active region increases and, thus, produces an abrupt change of refractive index at the edge of the metal contact. This abrupt change causes a discontinuity in the optical field propagation constant and reduces the modulation properties. The refractive index of the DFQW with 8 nm will change, due to the applied field, at the selected operation wavelengths [see Fig. 8 ]. Hence, the metal contact should extend at least to cover the DFQW with 8 nm to avoid the abrupt refractive index change and thus the discontinuity of optical field. As a consequence, a metal contact width of 4 m, which is slightly larger than the waveguide mask width (3 m), is used here.
E. Modulation Performance
Several parameters are used to characterize the performance characteristics of the modulator (see Table I ). A large phase change with 1.57 rad/V mm can be obtained at the selected 's of 0.863 and 0.873 m for 50 and 100 kV/cm, respectively, in the 0.5-m structure and 0.863 m for 50 kV/cm in the 1-m structure. Their values are also 500 cm . For the 0.5-m active region, this value reduces to 111.6 cm when the applied field increases to 100 kV/cm because the can be further away from the unbiased HH exciton peaks, as compared to that for 50 kV/cm. For the 1 m QW active region, the total phase modulation for 50 kV/cm is 18.1 rad/mm, which is larger than that for the 0.5-m QW active region (16.4 rad/mm) and it is due to the greater optical confinement in the 1.0-m QW active region, where twice the number of QW's contribute to the modulation mechanism. However, the operation of the 1.0-m QW structure requires approximately twice the applied voltage as compared to that of 0.5-m QW structure. This makes the of the 1.0-m QW structure weaker than that of the 0.5-m QW structure, i.e., the 0.5-m QW structure provides a more efficient modulation.
In both structures, is low with values of 3.1 and 3.8 for of 0.863 and 0.873 m, respectively. In order to increase , a longer wavelength is used, such as for 50 kV/cm when is increased to 0.867 m and increases to 5.5. This improvement of is mainly due to the reduction of , as shown in Table I , but the penalty is a reduction of . This case clearly shows the tradeoff between and . A larger can be obtained using 100 kV/cm when increases from 0.873 to 0.877 m where increases to 11.6. The here is 0.6 34.4 rad/Vmm and this phase change is compatible with the exiting device [25] .
For a dc offset used in the phase modulator, larger phase changes may be obtained [32] , although the breakdown voltage of the structure determines the maximum operating voltage of the device. The breakdown voltage for the 0.5-and 1-m devices are 25 and 37 V, respectively (see Fig. 10 ).
IV. CONCLUSION
Two waveguide-type phase modulators with 0.5-and 1-m QW active regions using masked ion implantation to produce lateral confinement have been investigated theoretically. These devices are designed for single-mode operation at a wavelength of 0.867 m for an applied field of 50 kV/cm and 0.877 m for 100 kV/cm, where interdiffusion can be used to tune the propagating modes of the device.
The metal contact width is made deliberately larger than the waveguide width to avoid the discontinuity of refractive index profile at the lateral cladding/core interface. The design of a single-mode phase modulator with strong optical confinement requires the peak ion concentration to be at the center of the guiding layer. Moreover, the annealing time is selected to be within the range required to achieve single-mode operation for the two applied field values. Low impurity concentrations are also required to minimize lattice damage and retain the electrooptical properties of the material.
Comparing the modulation properties of 0.5-and 1-m QW structures, the 1.0-m structure can provide higher optical confinement and larger total phase change per unit length. The 0.5-m structure can operate with either 0 and 50 kV/cm or with 0 and 100 kV/cm. The more important comparison is of the two structures. The 0.5-m structure can provide more efficient modulation since its value of is approximately twice that of the 1.0-m structure. and of the 0.5-m structure can be further increased and reduced, respectively, by increasing the applied field from 50 to 100 kV/cm since the longer can be used. It is important to note that a of 11.6, which is obtained for a field of 100 kV/cm, is large enough for a good phase modulator. The results are a guideline for the development of an optical phase modulator using lateral confinement provided by impurityinduced disordering, which is also useful when these devices are used in photonic integrated circuits.
